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Large juxtamedullary glomeruli and afferent arterioles in juxtaglomerular and superficial nephrons [1, 2]. The con-
healthy primates. cept is supported by animal studies in which, for example,
Background. Differences in the functional demands of su- larger juxtamedullary glomeruli have been found in theperficial and juxtaglomerular nephrons could result in differ-
normal rat kidney [3] and in which a greater single neph-ences in glomerular size between these two types of nephrons.
ron glomerular filtration rate in the juxtamedullary glo-This concept is based on animal models in which the juxtamed-
ullary glomeruli and afferent arteriole diameters are indeed meruli than in the superficial ones has been demon-
larger than those in the outer cortical zones. However, this strated [1]. Further indirect support comes from the
difference was not confirmed in human necropsy studies. To
finding that afferent arterioles have larger diameters inobtain further information in living primates, we have made
the inner cortical zone in young, normal rats [4]. How-unbiased estimates of glomerular and afferent arteriole dimen-
sions in three cortical zones (superficial, midcortical, and jux- ever, despite the belief that this is also the case in hu-
tamedullary) in young, adult, normotensive monkeys. mans, the relevance of the rat studies to humans is un-
Methods. In each animal (N 5 6), the right kidney was clear, because in a report of human necropsy kidneysperfusion fixed and prepared for unbiased stereological estima-
(mean donor age 61 years) [5], the juxtamedullary glo-tion of glomerular number and size. The left kidney vasculature
meruli were almost identical in size to the outer corticalwas fixed while relaxed and at a known intravascular pressure.
Thereafter, afferent arteriolar dimensions were estimated using glomeruli in normal adults. It was also found that glomer-
light and confocal microscopy. ular size correlated with the degree of glomerulosclero-
Results. The mean glomerular volume was variable between
sis, such that increased juxtamedullary glomeruli couldanimals (coefficient of variation, 23%) and was largest in the
be a compensatory reaction to the sclerosis. It was there-juxtamedullary zone. Afferent arteriolar lumen diameter var-
ied little between animals (coefficient of variation, 3%), but fore proposed that the common observations of in-
was also the largest in the juxtamedullary zone. No sclerotic creased juxtamedullary glomerular size in humans was
glomeruli were found in any of the animals. related to glomerulosclerosis, as global sclerosis in-Conclusion. The findings show that in normal primates, as
creases with age or in hypertensive conditions [5]. How-previously shown in other animals, juxtamedullary glomeruli
ever, for obvious ethical reasons, there are no studiesand afferent arteriolar diameters are larger compared with
those in the outer cortical zones. on young adult humans. There is, therefore, a need for
investigating a nonhuman primate, in which there is the
possibility of optimal sampling and tissue preparations
It is generally believed that in human kidneys, jux- in a model that is biologically and phylogenetically closer
tamedullary glomeruli are larger than those in the outer to humans.
cortical zones, but quantitative evidence for this in hu- In making measurements of glomerular dimensions,
mans is sparse. This could be relevant for renal function, it is important to be aware that the values reported vary
and it has been suggested that nephron heterogeneity widely, even within the same species, for example, rat
is related to differences in the functional demands of [6, 7]. Some of this variability may reflect differences in
strain, size, and age in the animals studied. However,
additional variability in the measurements of the renalKey words: glomerular size, nephron, African green monkey, single
nephron glomerular filtration rate, glomerulosclerosis, cortical zone. dimensions may result from differences in the prepara-
tive and morphometric techniques used [8, 9]. The impor-
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Table 1. Characteristics of six primates and their correlation to glomerular and afferent arteriolar parameters
Correlation coefficient
Characteristics Mean (CV) vN(glom) N(glom) AA lumen AA media area
Age years 7.9 (16%) 20.135 0.022 20.085 0.359
Body weight kg 5.9 (9%) 0.232 0.024 20.506 0.268
LV heart weight g 20.3 (10%) 0.243 20.486 20.013 0.180
MBP mm Hg 80 (14%) 0.243 0.057 20.628 0.770
Values are expressed as means, with coefficient of variation (CV) in parentheses. Animal characteristics were correlated with morphological parameters and
expressed as r values (least squares linear regression, INPLOT). There was no significant correlation among any of the tested parameters. Abbreviations are: LV,
left ventricular; MBP, mean blood pressure; vN(glom), estimate of number-weighted mean glomerular volume; N(glom), estimate of glomerular number per kidney;
AA, afferent arteriole.
precise methods for making unbiased estimates of glo-
merular and afferent arteriolar morphology in three cor-
tical zones (superficial, midcortical, and juxtamedullary)
in normal, young, adult, and healthy African green mon-
keys. Using these methods, we have determined the glo-
merular volume in the juxtamedullary, midcortical, and
superficial zones in primates. As an additional check, we
also made measurements of the afferent arterioles to
determine if the size of these varies between these zones.
The results show that the findings of increased juxta-
glomerular volume and afferent arteriolar diameter,
compared with superficial zones in nonprimate studies,
are also applicable to healthy primates not having glo-
merulosclerosis.
METHODS
Monkeys
African green monkeys were selected from a captive
population housed routinely outdoors in social groups
at the Behavioral Sciences Foundation (St. Kitts, Carib-
bean). The animals were fed ad libitum with Purina pri-
Fig. 1. Schematic drawing of the large abdominal vessels. Before initia-
mate chow, supplemented with fresh fruit and produce; tion of perfusion, ligatures were tied loosely around the following: the
aorta (ligature 2) and the inferior vena cava (ligature 5) just below thewater was available continually from an automatic water-
diaphragm, the aorta (ligature 1) and the inferior vena cava (ligatureing system. Animal facilities and animal care routines
4) approximately 3 cm above its bifurcations, the aorta approximately
were reviewed and approved by the Canadian Council on 5 cm above its bifurcation (ligature 3), the left renal artery at its origin
from the aorta (ligature 6), and just before entering the left kidneyAnimal Care. Experimental subjects were eight young,
(ligature 7).adult, male monkeys previously screened for blood pres-
sure on at least three separate occasions [11] and having
normal average mean blood pressure (Table 1).
to the aorta, the left suprarenal artery, and left ureter.
Surgery Then ligatures 1 through 7 were loosely tied (Fig. 1). In
The monkeys were anesthetized with a mixture of rapid succession, ligatures 1 and 2 were tied. The aorta
ketamin hydrochloride (Ketaset, 100 mg/ml; Ayerst, was cannulated retrogradely with a polyethylene tube.
Montre´al, Canada) and xylazine (Rompun, 20 mg/ml The tip of the tube was advanced into the aorta to just
Haver; Miles Laboratories Inc., Shawnee, KS, USA), 0.7 below the origin of the renal arteries and was secured
ml (10:1) intramuscularly, with extra supplements of 0.2 with ligature 3. The perfusion was initiated. Ligatures 4
ml as required. The peritoneal cavity was exposed with and 5 were tied, and a hole in the inferior vena cava was
a midline incision with lateral extensions. The left kidney cut to allow for the escape of blood and perfusate [12].
was cautiously loosened from the underlying connective The perfusate was a plasma solution (human plasma
tissue. Ligatures were tied and cut in the following order: obtained from Center Hospitalier Regional et Universi-
taire, Point-a´-Pitre, Guadeloupe) containing bovine al-the superior mesenteric artery and the celiac trunk close
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bumin (2.5 mg/ml plasma; Sigma Chemical Co., St. Louis, ume estimation. Every 10th and 11th 20-mm section was
sampled in a random but systematic manner and stainedMO, USA) and heparin (4 ml/liter plasma, 5000 IU; Dak,
Roskilde, Denmark) at room temperature and under with periodic acid-Schiff stain. Using a dissection micro-
scope (Zeiss Stemi SR, magnification 310), the superfi-constant pressure (100 mm Hg) applied from a suitably
elevated bottle. After three minutes, ligature 6 was tied, cial, midcortical, and juxtamedullary cortical areas were
divided corresponding to one fourth, one half, and oneand the left renal artery was catheterized with a polyeth-
ylene tube, which was secured with ligature 7. The left fourth of the renal cortex thickness, respectively, with
different colors of Indian ink. The division of renal cortexrenal artery was then cut distal to ligature 6 together
with the renal vein, and the left kidney was gently re- into the three zones was done according to the standard
classification of nephrons into these zones by the positionmoved from the abdominal cavity to a beaker, while
transfusion with plasma solution under constant pressure of their renal glomerulus within the renal cortex [15].
Two light microscopes (Olympus, BH-2), equipped withwas continued. Meanwhile, the right kidney was, follow-
ing three minutes of plasma perfusion, perfused with 3% mirrors so that the fields of vision were projected side
by side on a table top, were used to examine the sampledformaldehyde/1% glutaraldehyde in 3/4 Tyrodes’s buffer
via the aortic catheter at 100 mm Hg pressure for 10 sections at a final magnification of 363. The fields of
vision were selected using a motor-driven stage mountedminutes. All animals were decapitated immediately after
initiation of plasma perfusion. on the first microscope [7]. According to pilot studies,
many more glomeruli were present in the superficial
Preparation for afferent arteriolar measurements and midcortical zones compared with the juxtamedullary
zone. Thus, a “two in one” grid was applied to the firstWith perfusion pressure maintained at 100 mm Hg, the
left kidney vasculature was, after 10 minutes of plasma microscope image with a total grid area of 9680 mm2
and 32,160 mm2, respectively, for superficial/midcorticalperfusion, relaxed by changing the perfusate to a papa-
verine hydrochloride solution (2 mg/ml saline; Nomeco, and juxtamedullary zones. A motor was adjusted to step
5.40 mm along the length of the microslide and 8.93 mmRoskilde, Denmark) for five minutes and then to a sili-
cone rubber solution (Microfil MV-130; Flowtec Ltd., orthogonal to the length of the microslide. Consequently,
the fraction of the section area that was covered byDenver, CO, USA) containing ultrasonically dispersed
microspheres (latex beads with a diameter of 11.9 6 1.9 the grid was fa 5 (9680/632)/(5.40 3 8.93) 5 0.0505 and
(32,160/632)/(5.40 3 8.93) 5 0.1681 for superficial/mid-mm, mean 6 sd; approximately 200,000 microspheres
per milliliter of Microfil) for five minutes. Then the left cortical and juxtamedullary zones, respectively. Ac-
cording to the dissector principle, a glomerulus wasrenal vein was clamped in order to stop residual shunt
flow through the outer medullary and subcortical zones. counted only if the glomerular tuft appeared in a sampled
field of vision on the 10th 20 mm section while not beingThis procedure resulted in all vessels containing Microfil
being inflated under the same pressure (100 mm Hg) present in the adjacent section or vice versa [10]. The
formula for estimation of the total number of glomerulibut without hyperfiltration. The Microfil was allowed to
harden for two hours. The left kidney was then removed in a kidney was N(glom) 5 4 3 10 3 (Ps/Pf) 3 (1/fa) 3
(SQ2/2), where 4 is the inverse of the slice samplingand stored with the right kidney in primary fixative for
a minimum 10 days up to three months. Further kidney fraction, and 10 is the inverse of the section sampling
fraction. The fraction of kidney cortex used for countingpreparation and evaluation were performed in labora-
tories at the University of Aarhus. glomeruli was estimated by Pf/Ps, and SQ2 is the number
of counted glomeruli [7]. On average, 249 (range of 200
Estimation of glomerular number and size to 344) glomeruli were counted in each kidney, which
provided a number estimate with a coefficient of errorUnbiased estimates of glomerular number were made
using the dissector method [10] in a known and predeter- (5sem/mean), previously estimated in normal rat and
human, of 5 to 10% [7].mined fraction of the whole kidney (Fig. 2) [13].
The right perfusion-fixed kidney was weighed and cut The mean glomerular volume, vN(glom), was esti-
mated [7] with a combination of fractionator samplinginto 2 mm parallel slices using a chopping machine [14].
Every fourth slice was sampled systematically, with the of glomeruli on the 20 mm thick sections (t) and point
counting of glomeruli on the 2 mm thick sections. Thefirst being chosen at random. The sampled slices were
dehydrated and embedded in glycol methacrylate (Tech- general formula is vN(glom) 5 VV/NV. NV is equal to the
numerical density of glomeruli in the counted corticalnovit 7100; Heraeus Kulzer GmbH, Wehrheim, Ger-
many). The entire embedded tissue was serially sec- tissue: NV 5 SQ2/(grid area 3 t 3 SPf). VV is equal to the
volume fraction of glomeruli in cortex: VV 5 SP(glom)/tioned into 20 mm thick sections on a microtome
(Supercut 2065; Leica, Reichert-Jung, Heidelberg, Ger- SP(cor), where SP(glom) is the number of points hitting
glomeruli, and SP(cor) is the number of points hittingmany), except that ten 2-mm thick sections were taken
instead of one 20-mm thick section for glomerular vol- cortex, when moving the microscope stage with the 2
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Fig. 2. Schematic drawing illustrating the use of the fractionator principle at three successive sampling stages (1 through 3) and photo of a
longitudinal section through the cortex. (1) The kidney is macroscopically sliced, and every fourth kidney slice (in order with a random start) is
embedded. Fraction 1 therefore equals one quarter. (2) The sampled slices are exhaustively sectioned, with every 10th section (in order with a
random start) being taken for further analysis (fraction 2 equals one tenth). (3) A known fraction of the section area (fraction 3 equals 0.0505
and 0.1681 for SUP/MID and JUX, respectively) is used for measurement. An estimate of the total number of glomeruli is obtained by multiplying
the number of glomeruli counted in fraction 3 by the inverse of the sampling fractions (4 3 10 3 1/.0505 or 4 3 10 3 1/.1681, discussed in Methods
section). (4) Light microscopic photo illustrating the division of the cortex into three areas, corresponding to approximately one fourth, one half,
and one fourth of the renal cortical thickness, respectively. Abbreviations are: JUX, juxtamedullary; MID, midcortical; SUP, superficial.
mm thick sections as for the 20 mm sections. Cortical from each animal was weighed and split longitudinally
into halves, and the dorsal half of each kidney was cutvolume [V (cortex)] was estimated according to the fol-
lowing equation: V (cortex) 5 4 3 10 3 t 3 grid area 3 into six pieces at right angles to the corticomedullary
junction. Using a dissection microscope, cortical tissue(1/fa) 3 SPs.
was divided into the three cortical areas studied (super-
Estimation of afferent arteriolar lumen ficial, midcortical, and juxtamedullary), with a scalpel
and media wall corresponding as before to one fourth, one half, and one
fourth of the renal cortex thickness, respectively. TheThe purpose of the method for the determination of
the afferent arteriolar diameter is to allow fixation of tissue pieces were pre-embedded in agar, dehydrated
through a graded series of ethanol solutions, and embed-the afferent arterioles while they are relaxed and sub-
jected to a transmural pressure of 100 mm Hg [16]. ded in glycol methacrylate. Resultant blocks were cut
into serial 2-mm thick sections and stained with Giemsa.Following fixation, the left kidney (Microfil perfused)
Skov et al: Glomeruli and afferent arterioles in primates1466
Using two microscopes (oil immersion lenses, 3100)
equipped with mirrors, the inner and outer diameters of
the border between media and adventitia of the vessel
were measured with a ruler at a total magnification of
31650 and a resolution of 0.6 mm. Media thickness and
media cross-sectional area were calculated as (outer di-
ameter 2 inner diameter)/2 and p [(outer diameter/2)2 2
(inner diameter/2)2], respectively. We included all arteri-
oles that were observed to be in close relation to the
glomerulus (distal arterioles), contained Microfil, and
fulfilled at least one of our well-defined criteria for being
afferent arterioles, the main part being identified with
microspheres [16]. Branching and irregular vessels were
excluded. On average, 81 (range of 58 to 107) profiles of
distal afferent arterioles were measured in each kidney.
Estimation of afferent arteriolar length
Fig. 3. Glomerulus and corresponding afferent and efferent arterioleIn two kidneys, afferent arteriolar length was mea-
obtained with confocal microscope.sured using a Phoibos 1000 confocal microscope (Molec-
ular Dynamics, Sunnyvale, CA, USA). The ventral half
of the kidney with Microfil was cut in 2 mm parallel
slices, and tissue blocks were sampled (d:1.5 mm) from cal localization were tested among all three groups by
every fourth slice, approximately 20 from each cortical one-way analysis of variance (Bonferroni test, Instat;
zone and stained with Lucifer Yellow (2% in 0.135 m Table 2). Probability levels of less than 5% were consid-
phosphate buffer; Sigma). The tissue blocks were embed-
ered significant.
ded in glycol methacrylate, and the blocks’ surface was
cut off by approximately 0.1 mm. Once an afferent arteri-
ole was identified, a section series [340/1.0 Zeiss objec- RESULTS
tive; image size 5 256 mm 3 256 mm 3 2 mm (3 numbers Of the eight monkeys used, two were excluded without
of sections, median 5 25, range of 5 to 100)] was scanned measurements being made: one because of unilateral
to image the afferent arteriole. Because the length can renal agenesis and one because of poor Microfil perfu-
extend beyond the maximum image size, the microscope sion. Age, body weight, left ventricle heart weight, and
was equipped with a specimen stage with a digital read- mean blood pressure have been correlated with glomeru-
out (Model 9538; Boekeler Instruments, AZ, USA),
lar number and size, afferent arteriole diameter, and
which enabled the translation of the specimen in both x
media area, but no associations were found (Table 1).and y direction with a calibrated precision of 1 mm. The
No sclerotic glomeruli were found in any of the animals.length was measured using the 3D length measurement
Characteristics of glomerular and afferent arteriolarutility (ImageSpace; Molecular Dynamics; Fig. 3). The
parameters in the superficial, midcortical, and juxtamed-start point of the afferent arteriole was defined as the
ullary areas are shown in Table 2. Mean glomerularangle in which the last branch from the interlobular (ar-
volume in the juxtamedullary zone was 4.3 and 2.6 timescuate) artery to the glomerulus begins, and the end point
larger compared with glomeruli in the superficial andwas defined as the point in which the arteriole splits up
midcortical zones, respectively (Fig. 4). Mean glomerularat the glomerular tuft. Ten to 15 afferent arteriole length
volume was variable between animals (CV of 27 to 57%),measurements were performed from each of the three
particularly in the juxtamedullary zone. Glomerular den-cortical zones in each kidney.
sity was lower in the juxtamedullary area compared with
Statistics the two other zones.
The mean afferent arteriole lumen diameter variedAll results are presented as mean and coefficient of
little between animals, but was also largest in the jux-variation (CV), where CV is the standard deviation ex-
tamedullary zone (Fig. 5). The CV between animals forpressed as a percentage of the mean. Animal characteris-
mean lumen diameters was below 6% in all three zones.tics were correlated with morphological parameters and
There was a tendency for a larger media cross-sectionalexpressed as r values (least squares linear regression,
area in the juxtamedullary zone, but it was not significant.INPLOT; Table 1). Differences in glomerular size, glo-
The measurement of afferent arteriole length with confo-merular density, afferent arteriole lumen diameter, me-
dia cross-sectional area, and length with respect to corti- cal microscopy was made in two animals, a minimum 30
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Table 2. Characteristics of glomerular and afferent arteriolar parameters in three cortical zones in young adult monkeys
Mean (CV)
Parameters N All Superficial Midcortical Juxtamedullary
Right kidney
Kidney weight g 6 11.7 (15%)
V(cortex)c cm3 6 68.6 (10%) 20.6 (11%) 32.4 (13%) 15.6 (9%)
V(glom)c mm3 6 410 (13%) 114 (19%) 217 (13%) 72 (16%)
N(glom)c 310 3 6 126.8 (19%) 53.6 (19%) 63.7 (21%) 9.5 (40%)
Nv mm23 6 13.7 (10%) 20.7 (13%) 15.7 (18%)a 4.7 (36%)a,b
vN(glom) 310 6 lm3 6 3.4 (23%) 2.2 (32%) 3.6 (27%) 9.4 (57%)a,b
Left kidney
Kidney weight g 6 14.8 (6%)
AA lumen diameter lm 6 31.6 (3%) 30.4 (5%) 32.8 (2%) 35.5 (6%)a,b
AA media area lm2 6 321 (13%) 314 (11%) 333 (12%) 371 (17%)
AA length lm 2 216 (12%) 180 (11%) 264 (4%)
Values are expressed as means, with coefficient of variation in parentheses. Abbreviations are: V(cortex), estimate of total cortical volume; V(glom), estimate of
total glomerular volume; N(glom), estimate of glomerular number per kidney; Nv, estimate of glomerular density; vN(glom), estimate of number-weighted mean
glomerular volume; AA, afferent arteriole.
P , 0.05: a to superficial, b to midcortical; c since the zones were arbitrarily defined, these groups were not tested by one-way ANOVA
Fig. 5. Distal afferent arteriole lumen diameter of each animal in theFig. 4. Mean glomerular volume of each animal in the three cortical
three cortical zones.zones. The glomerular size with respect to renal localization has also
been tested statistically without the animal with a dashed line, and the
juxtamedullary glomeruli were still significantly larger compared with
the glomeruli in the two other zones.
able compared with the glomeruli in the outer cortical
zones. The afferent arteriole diameter in the juxtamedul-
lary zone was also larger, but compared with glomerulararterioles per animal; lengths ranged from 68 to 378 mm,
volume, it shows much less variability.suggesting considerable variability in this parameter.
Reported values for glomerular volume [3, 6, 8, 17] in
normal rats vary widely. This may result from differences
DISCUSSION in kidney tissue preparation [8] and different stereologi-
cal techniques [9, 18]. However, Bilous et al measuredThis study presents a quantitative morphological eval-
glomerular area by point counting, using a computer-uation of kidney structures in nonhuman primate kid-
assisted digitizer tablet, and measuring glomerular diam-neys. With respect to renal cortical location, glomerular
eter with an intercept ruler, as well as by varying sampleand afferent arteriolar morphology was investigated us-
size and sampling interval, and they obtained similar val-ing unbiased stereological techniques. It was found that
the juxtamedullary glomeruli are larger and more vari- ues of glomerular volume [18]. In whole kidney studies,
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the dissector [10] also provides an efficient and accurate tially (here 430%) larger and more variable compared
estimate of mean glomerular volume [7], even though with the glomeruli in the outer cortical zones. Consider-
in renal biopsies given the smaller amount of material, ing the close phylogenetic proximity of monkeys and
it is less accurate [9]. Thus, the variability in the reported humans, the reason for this discrepancy is not clear but
values of glomerular volume may not only be due to suggests a need for further investigations of human kid-
different kidney tissue preparation and stereological neys to determine if humans are indeed unique in this
techniques, but biological variation may also play an respect.
important role, as illustrated in this study. This estimate of total number of glomeruli in the nor-
In rats, a twofold increase in juxtamedullary glomeru- mal monkey kidney ranges from 110,450 to 175,905. This
lar volume has previously been demonstrated in both confirms observations in human kidneys [27], where
young and adult animals [19], whereas others found the numbers vary widely from individual to individual in
difference eliminated by age [20]. A recent report [3], age- and sex-matched subjects. A comparison of differ-
employing current stereological techniques, confirmed ent animal species with a wide spectrum in body weight
that in young adult Wistar rats, juxtamedullary glomeruli shows that glomerular number correlates with body
have a greater volume than the outer glomeruli. The weight and kidney weight (for example, the rat kidney
advantage of this technique is that it is based on number- contains about 25,500 glomeruli, and the human kidney
weighted estimates of glomerular volume (vN), whereas contains about 617,000 glomeruli [7]). The numbers of
previous methods are based on volume-weighted esti- glomeruli at birth are presumably in the main genetically
mates glomerular volume (vV) [3]. This distinction is par- determined [28], and in the rat, it has been demonstrated
ticularly important if the CV of the ordinary number- that no nephrons are formed after birth [29]. In this
weighted glomerular volume is high, because vV is a study, total glomerular volume (a multiplication of mean
biased estimator of vN, the relation being vV 5 vN (1 1 glomerular volume and glomerular number per kidney)
CV2). This has been demonstrated in studies of glomeru- was a less variable parameter among the animals (CV 5
lopathies [21, 22] that are characterized by a few large 13%) than mean glomerular volume (CV 5 23%). It
and many small glomeruli. is likely that animals having fewer glomeruli at birth
In the neonatal period, glomeruli in the outermost
adaptively enlarge their existing glomeruli in order to
cortex are still maturing from the metanephric blastema,
achieve an adequate glomerular filtration area. The largewhereas the juxtamedullary are fully developed and
variance in mean glomerular volume could also be duetherefore larger [23]. Consequently, it has been generally
to the large extra capacity of nephrons in normal kidneysaccepted that in adult kidneys, the juxtamedullary glo-
from birth, such that glomerular volume is not a tightlymeruli are also larger than glomeruli in the outermost
controlled parameter.cortex. The possible functional importance of anatomical
Further support for the finding of greater glomerularnephron heterogeneity has been reviewed previously [2].
volume in the juxtamedullary zone is our finding of aThis has been supported by comparative animal studies
greater lumen diameter of the afferent arterioles in thisthat indicate that production of hypertonic urine and
zone also. An additional observation was the low vari-rapid adaptation to discontinuous water supply could
ance in lumen diameters between animals. It can bebe dependent on the presence of two complementary
speculated that this is due to the importance of strictnephron populations [24, 25]. However, the evidence for
control of renal vascular resistance, because resistancethe juxtamedullary glomeruli being larger is based alone
varies inversely with the fourth power of the radius ac-on animal studies, as the only human study (from nec-
cording to Poiseuille’s equation.ropsy kidneys) gave, as mentioned in the first section, a
In conclusion, the findings in this study show that evencontrary result [5].
without glomerulosclerosis, juxtamedullary glomerularIn the study done on human necropsies [5], the cross-
volume and afferent arteriole diameter are larger andsectional glomerular area in outer cortical and juxtamed-
more variable in size compared with the glomeruli in theullary zone was measured in immersion-fixed sections.
outer cortical zones. The results point to heterogeneity ofThe mean glomerular cross-sectional area was calculated
from profile areas of glomeruli and using the mean of glomerular volume, also in primates.
the largest 12 measurements out of 50 in each zone [26].
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